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GENERATING AUTOMATED ALARMS FOR
CLINICAL MONITORING

FIELD OF THE INVENTION

The present mnvention relates to wearable sensor devices,
and more particularly, to wearable sensor devices that are
utilized to generate automated alarms for clinical monitor-
ng.

BACKGROUND

Wearable sensor devices are utilized to continuously
monitor health related parameters (e.g., vital signs) of a user
in clinical monitoring situations. Alarms are commonly
embedded within these wearable sensor devices or are part
of other external systems coupled to the wearable sensor
devices. These alarms are necessary to alert the clinicians
about any abnormal deviations 1n the user’s vital signs from
desired normal values and to indicate the possibility of
required clinical mterventions. These alarms play a major
role 1n preventing deterioration of patients unattended in
hospitals’/home, improve patient safety, and help save lives.

Conventional alarm systems sufler from nuisance alarms
(1.e., false positive alarms sounded even though there 1s no
potential 1ssue) due to artifacts, movements and disconnec-
tion. These nuisance alarms are extremely frequent causing,
distrust and 1nsensitivity to alarms, prevent timely clinical
interventions, and delay patient care 1n adverse conditions.
Therefore, there 1s a strong need for a cost-eflective and
cilicient solution that overcomes the aforementioned 1ssues.

The present mvention addresses such a need.

SUMMARY OF THE INVENTION

A method and system for providing health-monitoring
alarm management have been disclosed. In a first aspect, the
method comprises detecting at least one vital sign signal
using a wearable sensor device and managing an alarm
mechamism of the wearable sensor device based on the at
least one vital sign signal.

In a second aspect, the system comprises a sensor for
detecting at least one vital sign signal, a processor coupled
to the sensor, and a memory device coupled to the processor,
wherein the memory device stores an application which,
when executed by the processor, causes the processor to
manage an alarm mechamism of the wearable sensor device
based on the at least one vital sign signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures 1llustrate several embodiments
of the mvention and, together with the description, serve to
explain the principles of the invention. One of ordinary skill
in the art readily recognizes that the embodiments 1llustrated
in the figures are merely exemplary, and are not intended to
limit the scope of the present invention.

FIG. 1 illustrates a wireless sensor device 1n accordance
with an embodiment.

FI1G. 2 1llustrates a block diagram of a method for artifact
removal using statistical filtering 1n accordance with an
embodiment.

FIG. 3 illustrates a diagram of heart rate (HR) artifact
removal using a wearable sensor device 1n accordance with
an embodiment.
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FIG. 4 illustrates a block diagram of a method for
providing automated alarm management 1n accordance with

a first embodiment.

FIG. 5 1llustrates a diagram of automated alarm manage-
ment for heart rate (HR) signals using a wearable sensor
device 1n accordance with an embodiment.

FIG. 6 1illustrates a block diagram of a method for
providing automated alarm management 1n accordance with
a second embodiment.

FIG. 7 illustrates a block diagram of a method for
providing adaptive alarm management 1n accordance with
an embodiment.

FIG. 8 illustrates a diagram of adaptive alarm manage-
ment for heart rate (HR) signals using a wearable sensor
device 1n accordance with an embodiment.

FIG. 9 1llustrates a method for providing health-monitor-
ing alarm management 1n accordance with an embodiment.

DETAILED DESCRIPTION

The present invention relates to wearable sensor devices,
and more particularly, to wearable sensor devices that are
utilized to generate automated alarms for clinical monitor-
ing. The following description 1s presented to enable one of
ordinary skill in the art to make and use the invention and 1s
provided in the context of a patent application and 1its
requirements. Various modifications to the preferred
embodiment and the generic principles and features
described herein will be readily apparent to those skilled 1n
the art. Thus, the present invention 1s not mntended to be
limited to the embodiments shown but 1s to be accorded the
widest scope consistent with the principles and features
described herein.

Wireless wearable sensor devices (wearable sensor
devices including patch sensors) are utilized to continuously
and/or remotely monitor the health of a user. Wearable
sensor devices either have embedded alarm systems or are
coupled to external alarm systems to help notily clinicians of
abnormal vital signs during clinical monitoring settings.

Conventional alarm systems sufler from numerous issues
pertaining to false alarms (1.e., nuisance alarms that sound
when the user’s vital signs are still within normal ranges or
not indicative of any major abnormalities that require imme-
diate clinician intervention). In addition, the customization
of vital sign limits in patients for one or more levels of
alarms requires dedicated professionals (possibly on a one
on one basis) to learn the patterns 1n each user’s vital signs
over a predetermined (prolonged) duration. This would
enable necessary adjustments to be made 1n the vital sign
limaits as the patterns are learned to mitigate nuisance alarms.

The usage of dedicated professionals 1s very costly, time-
consuming and impractical in hospital and telemetry situa-
tions. The requirement of this approach results in low
compliance 1n medical progressive care unit nurses regard-
ing the tailoring of parameters to the individuals particularly
alfter carrying out clinical interventions in other units. A
method and system 1n accordance with the present invention
provides a smart alarm management system that greatly
improves compliance and enables eflective prompt patient
clinical intervention. The smart alarm management system
preserves true positive alarms related to a user’s deteriorat-
ing condition and greatly reduces the false positive alarms.
In a first embodiment, the present invention filters artifacts/
spikes 1n the vital sign responses using a statistical filtering
methodology. In a second embodiment, the present inven-
tion automatically generates alarms using magnitudes and
durations of the vital sign responses. In a third embodiment,
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the present invention automatically adapts the vital sign
alarm limaits to provide dynamically customized alarm limaits
for each patient.

To describe the features of the present invention 1n more
detail, refer now to the following description 1n conjunction
with the accompanying Figures.

FIG. 1 illustrates a wireless sensor device 100 1n accor-
dance with an embodiment. In one embodiment, the wireless
sensor device 100 1s a wearable sensor device that utilizes a
flexible circuit design 1mn a patch form factor (i.e., the
wearable device 1s a patch that adheres to the user to
measure the user’s vital body signs) that 1s either entirely
disposable (both the adhesive patch portion and the elec-
tronic module and sensor device portion) or partially dis-
posable (e.g., the electronic module and sensor device
portion being reusable and the adhesive patch portion being
disposable).

In one embodiment, the wireless sensor device 100
(“wearable sensor device” or “wearable device™) includes at
least one sensor 102, at least one processor 104 coupled to
the at least one sensor 102, at least one memory 106 coupled
to the at least one processor 104, at least one application 108
coupled to the at least one memory 106, and at least one
transmitter 110 coupled to the at least one application 108.
One of ordinary skill 1n the art readily recognizes that the
wireless sensor device 100 can include other components
not aforementioned and that the components of the wireless
sensor device 100 can be coupled 1n a variety of different
ways from the orientation shown in FIG. 1 and that would
be within the spirit and scope of the present mnvention.

In one embodiment, the wireless sensor device 100 1is
attached to a user via an adhesive patch to detect various
physiological signals including the user’s vital signs via the
at least one sensor 102. The at least one sensor 102 obtains
the physiological signal data from the user, which is trans-
mitted to the at least one memory 106 and 1n turn to the at
least one application 108 via the at least one processor 104.
The at least one processor 104 executes the at least one
application 108 to process, transform, and analyze the data
to obtain critical health-related information of the user
including but not limited to the user’s vital signs.

In one embodiment, the at least one application 108
utilizes embedded algorithms and processes to process,
transform, and analyze the data. By executing the at least
one application 108 to process the data detected by the at
least one sensor 102, the overall functioning of the wireless
sensor device 100 1s improved and the technical field related
to determiming the user’s temperature i1s also improved. In
addition, the data processing analysis can lead to the gen-
cration of alarms based upon whether the vital signs are
within normal boundaries or abnormal.

The mformation (including the potential generated
alarms) 1s transmitted to the at least one transmitter 110 and
in turn relayed to another user (such as a clinician or nurse)
or device for further processing, analysis, and storage. In
another embodiment, the at least one transmitter 110 trans-
mits the various physiological signals detected in raw form
by the at least one sensor 102 to a remote device/server (e.g.,
smartphone, cloud-based server, etc.) for further processing,
analysis, and storage.

In one embodiment, the at least one sensor 102 1s any of
a microelectromechanical systems (MEMS) multi-axial
(e.g., tri-axial) accelerometer, an embedded sensor with
clectrodes, a temperature sensor, and a photoplethysmogra-
phy sensor. In one embodiment, the at least one processor
104 1s a microprocessor. One of ordinary skill in the art
readily recognizes that a variety of device types and designs
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can be utilized for the at least one sensor 102, the at least one
processor 104, the at least one memory 106, the at least one
application 108, and the at least one transmitter 110 and that
would be within the spirit and scope of the present invention.

In addition, one of ordinary skill in the art readily recog-
nizes that a variety of wireless sensor devices can be utilized
including but not limited to wearable sensor devices, a
wireless sensor device in a patch form-factor, the Vital
Connect HealthPatch® and/or VitalPatch® wearable
devices, electrocardiograph devices, smart watches, photop-
lethysmographs, pulse oximeters, uni-axial accelerometers,
bi1-axial accelerometers, tri-axial accelerometers, gyro-
scopes, and pressure sensors and that would be within the
spirit and scope of the present invention.

In one embodiment, the HealthPatch® and VitalPatch®
wearable devices are disposable adhesive patch biosensors
(erther partially or fully disposable) worn on the user’s chest
or another location of the body. The wearable devices
incorporate at least two surface electrodes with a hydrogel-
like material on the bottom, at least one battery, at least one
clectronic module with an embedded processor and other
clectronic components and circuitry (that 1s reusable 1n the
HealthPatch® and that 1s fully disposable in the Vital-
Patch®), at least one MEMS tri-axial accelerometer, and at
least one Bluetooth Low Energy (BLE) transceiver.

In one embodiment, the wearable device facilitates con-
tinuous and automated monitoring of a plurality of physi-
ological signals. In this embodiment, after the wearable
device detects the plurality of physiological signals (in raw
form) via a plurality of internal and embedded sensors, the
clectronic module of the wearable device utilizes a plurality
of algorithms (e.g., firmware algorithms) and processing
techniques to process and transform the raw waveforms of
the plurality of physiological signals into actionable data
outputs which are then transmitted as a stream of processed
physiological variables via the BLE transceiver/link as
encrypted data to a relay such as a smartphone, where the
live (real-time) streams of data can be viewed, stored, and
turther processed/analyzed.

The method and system 1n accordance with the present
invention provides a smart alarm management system that
carries out at least the following activities: eflectively f{il-
tering out artifacts/spikes in vital signs using a statistical
filtering method which improves upon conventional magni-
tude based alarms, controlling the frequency of alarms by
features of the vital signs and automatically generating
alarm signals based on the features (e.g., fixed magnitude
threshold and duration) of the vital sign response, adaptively
varying the alarm thresholds and automatically controlling
the alarms based on the features (e.g., adaptive magmitude
threshold and duration). The smart alarm management sys-
tem drastically reduces the false positive alarms and pre-
serves true positive alarms for true elevations (or variances
or abnormalities) the vital sign responses of the user. There-
fore, the smart alarm management system provides an
cllective alarm system that enables 24 hour monitoring 1n
clinical and home settings.

In a first embodiment, a method and system 1n accordance
with the present invention provide a method for artifact/
spike removal using a statistical filtering methodology. Fre-
quent false alarms are undesirable and a distraction 1n
clinical monitoring settings. Artifacts and/or spikes in the
vital sign response (1.e., physiological signals detected by
the wearable sensor device) are inherent and false alarms are
typically generated due to these artifacts/spikes in the
detected signal. By utilizing statistical filtering, the artifacts
and spikes are removed from the vital sign response/signal,
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and false positive alarms (1.e., alarms that go ofl indicating
an 1ssue with the user/patient’s vital signs when 1n actuality
there are no 1ssues warranting alarm) are drastically reduced.

The artifacts/spikes are removed by 1dentifying the spikes
as outliers when the values of the vital sign response are
outside a statistical boundary (e.g., uxa*o, where u 1s the
mean, O 1s the standard deviation, and o 1s a coeflicient or
factor). After the identification of the spikes, the spikes are
replaced with a moving average value (e.g., ). On the other
hand, when the values of the vital sign response are within
the statistical boundary, the values are not marked as spikes
and are unchanged. As a result, the method only removes
artifacts/spikes from the vital sign response signal. In one
embodiment, the method 1s utilized for heart rate (HR) vital
signs. In another embodiment, the method 1s utilized for
other vital sign measurements including but not limited to
breathing rate (BR) and blood oxygen saturation (SpO2).

FIG. 2 illustrates a block diagram of a method 200 for
artifact removal using statistical filtering 1n accordance with
an embodiment. The method 200 starts with a wearable
sensor device (such as the wearable sensor device 100)
being attached to a user/patient for measuring/detecting a
plurality of vital sign responses/signals, via step 202. The
wearable sensor device continuously generates a vital sign
variable X and consider a K” sample of X as X,, via step
204, which 1s input to a moving window of n samples, via
step 206, that shifts/slides forward by excluding the 1%
sample of the window and including the latest sample (e.g.,
K) in the window as n” sample. In one embodiment, the
moving window of n samples 1s a real positive array denoted
V=X, o1 X ins - - - » X} where the number of samples
n includes but 1s not limited to 10, 20, and 30 samples and
X 1s a vital sign (e.g., HR). The method 200 calculates a
mean (1), via step 208q, and a standard deviation (a), via
step 208b using the current n samples of the moving window
A%

After calculating both the mean and standard deviation
via steps 208a-b, the method 200 calculates a lower limit
(LL) and an upper limit (UL) which represent the lower and
upper statistical boundaries respectively, via step 210. The
lower limit (LL) 1s calculated as LL=pu-a*0 and the upper
limit (UL) 1s calculated as UL=u+o.*o where alpha (o) 1s a
factor or coeflicient including but not limited 1, 1.1,
1.2 ..., 2.0. Once the lower and upper limit boundarles (LL
and UL) are determined, the current sample X, 1s compared
to the lower and upper limits, via step 212.

If the current sample X, 1s determined to be within the
boundaries (yes), the current sample value X, 1s not modi-
fied and the sample number k 1s incremented (1.e., k=k+1),
via step 214, and the method 200 repeats the above process
for the next or upcoming sample of X, provided by the
wearable sensor device. If the current sample X, 1s not
determined to be within the boundaries (no), the current
sample X, 1s determined, by the wearable sensor device, to
be an outlier or artifact value and 1s replaced with the
previously determined mean (u) value, via step 216. Then
the sample number k 1s incremented (1.e., k=k+1), via step
214, and the method 200 repeats the above process for the
next or upcoming sample of X, provided by the wearable
sensor device. Thus, the method 200 detects the outlier/
artifact values present in the vital sign signal and filters out
artifacts by replacing them with the moving average values.

FI1G. 3 illustrates a diagram 300 of heart rate (HR) artifact
using a wearable sensor device in accordance with an
embodiment. The top graph 302a of the diagram 300 depicts
a heart rate (HR) signal consisting of a plurality of artifacts
and/or spikes including artitact/spike 304. The bottom graph
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3025 of the diagram 300 depicts the filtered HR signal from
the plurality of artifacts using the method 200. In the bottom
graph 302b, the coeflicient o 1s selected as 1.0 and the
number of samples of the moving window n 1s selected as 20
among other values as described before.

In FIG. 3, both graphs have heart rate (HR) 1n beats per
minute (bpm) across the y-axis and the sample number
across the x-axis. Thus, the method 200 i1s eflective 1n
climinating the large spikes as presented 1n the HR signal of
the bottom graph 3025 and also retaining a low frequency
trend and the variance of the HR signal. The method 200
also varies the attenuation of high frequency oscillations
present 1n the HR signal by increasing the number of
samples ol moving window n.

Alarms 1n health/clinical monitoring settings are typically
generated based on a magnitude of the vital signs (e.g., HR,
BR, SpO2, etc) alone and produce undesirable outcomes for
patient care. In addition to removing artifacts/spikes from
the vital sign signals, a method and system in accordance
with the present invention also automatically manages a
plurality of clinical and remote monitoring alarms. The
method and system in accordance with the present invention
automatically manages the onset and oflset of alarms based
on not only vital sign signal magnitudes but also the duration
of the vital sign signal magnitudes above and/or below a
predetermined and fixed/static threshold.

By automatically managing the alarms using signal mag-
nitudes and durations with respect to set boundaries/thresh-
olds, false positive alarms are reduced and true positive
alarms are preserved thereby eflectively controlling the
frequency of the alarms associated with the monitoring of
the user/patient via a wearable sensor device. In one embodi-
ment, alarms with distinct magnitude thresholds can be
identified as different levels and the levels can be differen-
tiated 1n a variety of ways including but not limited to the
tone/type of the alarm sounds (e.g., a whistle for one level
and a bird chirping for another level), the color codes
displayed on the wearable sensor device’s display or a
remote momtor’s display, and the notifications with different
alarm level numbers.

In one embodiment, a predetermined and embedded table
within the application of the wearable sensor device to
determine when to sound/onset the alarms. The table
includes examples of different levels of alarms for vital sign
magnitudes and durations of elevated levels (elevation)/
decreased levels above/below the respective threshold. The
clevation (e.g., threshold set at 100 bpm for HR and the
user’s HR 1s detected by the wearable sensor device as 110
bpm) 1s required to sustain for a minimal duration (e.g., 20
seconds) to aflirm a true elevation thereby providing an
onset of the associated alarm. The automated alarm man-
agement method and system reduces the {false positive
alarms that occur from artifacts/spikes without requiring any
additional filtering of the artifacts/spikes as described by the
method 200.

For example, the table could denote alarm levels 1, 2, 3,
and 4 and HR magmtudes (1n bpm) of greater than or equal
to 100, 110, 129, and 139 associated with the alarm levels
1-4 respectively. In addition, each alarm level 1-4 1s trig-
gered when the HR elevation sustains above the respective
threshold for a desired time duration (in seconds) including,
but not limited to 20, 40, and 60 seconds. Thus, the mag-
nitude threshold determines which level of alarm, but sus-
tained elevation above that magnitude threshold for the set
clevation duration only sets ofl the respective alarm level. If
the elevation does not sustain for that duration, the alarm
will not be triggered. Therefore, the physiological signal
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magnitude must be greater than or equal to the magnitude
threshold and must last for the set duration to set-off the

alarm.

Therefore, an alarm (levels 1-4) will onset/sound if the
user’'s HR (or other type of vital sign including but not
limited to BR) 1s elevated above a certain threshold (e.g., 1f
the threshold of the HR 1s set to 100 bpm, then anything
above or equal to a HR of 100 bpm) and the detected
clevation remains for a predetermined duration (any of 20,
40, or 60 seconds).

FIG. 4 illustrates a block diagram of a method 400 for
providing automated alarm management 1n accordance with
a first embodiment. The method 400 starts with a wearable
sensor device (such as the wearable sensor device 100)
being attached to a user/patient for measuring/detecting a
plurality of vital sign responses/signals, via step 402. The
wearable sensor device continuously generates a vital sign
variable X and consider a K” sample of X as X,, via step
404, 1s mput to a moving window of m samples, via step
406, that shifts/slides forward by excluding the 1** sample of
the window and including the latest sample (e.g., K) 1n the
window as m” sample. In one embodiment, the moving
window of m samples 1s a real positive array denoted
vr=IX, o L X o o, ..., X, } where the number of
samples m includes but 1s not limited to 10, 20, and 30
samples and X 1s a vital sign for example, HR. The moving
window V™ of m samples correspond to a desired time
duration. Depending on the sampling rate of the vital sign
signal and the desired time duration, the number of samples
m can be calculated as desired time duration x sampling rate.
Accordingly, in one embodiment, 1f the time duration
includes but not limited to 20, 40, 60 seconds and the
sampling rate 1s 0.5 Hz, then the samples of the moving
window m can be 10, 20, 30, respectively.

In the method 400, T 1s the threshold of the vital sign
signal/value and the threshold varies based upon the par-

ticular vital sign signal/value being monitored (e.g., different
thresholds for HR versus BR). In one embodiment, the HR

magnitude thresholds are 100, 110, 129, and 139 and the BR
magnitude thresholds are 24, 32, and 42. In the method 400,
A is the alarm signal (A={0,1}) to be generated for a
corresponding sample number k of the vital sign signal/
value, where A’s value 1 indicates the alarm ON and A’s
value O indicates the alarm OFF.

Referring back to FIG. 4, after providing the moving
window via step 406, the method 400 determines whether all
of the m samples of V™ greater than or equal to the

threshold T, via step 408. If yes (all m samples of V™ are

greater than or equal to the predetermined threshold T),
then the alarm 1s set to on (A,=1) and 1s sounded alerting the
user/clinician/third party, via step 410. If no (not all m
samples of V™ are greater than or equal to the predetermined

threshold T), then the alarm is set to off (A;=0) and is not
sounded (1.e., the wearable sensor device doesn’t sound an
alarm so remains silent or sends an ‘OK” alert), via step 412.
After sounding the alarm via step 410 or determining that no
alarm should be sounded via step 412, the sample number 1s
increased (e.g., k=k+1), via step 414, and the method 400 1s
repeated by the wearable sensor device for the new sample
(X))

FIG. 5 illustrates a diagram 300 of automated alarm
management for heart rate (HR) signals using a wearable
sensor device 1 accordance with an embodiment. The
diagram 500 includes the HR in beats per minute (bpm) on
the y-axis and the sample number on the x-axis. The plot
shows the HR series or signals 502 (black line) along with
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a plurality of alarms (rectangle blocks) that are generated
and scaled as (Ax T ) for comparison with the HR series 502

where the threshold T was predetermined as 100 bpm. In
FIG. 5, an alarm 504 of the plurality of alarms 1s generated
approximately between sample numbers 14500 and 14900,

when the detected HR is elevated above the threshold T of
100. The method 400 describes automated generation of

alarms when the HR has increased above the 100 bpm
threshold and lasts for at least 20 seconds. The onset and
oflset of alarm are shown as a “square” shape marker with
alue 100 and O respectively in FIG. 5 and the offset value
ol zero 1s not shown due to scaling of y-axis.
FIG. 6 illustrates a block diagram of a method 600 for

providing automated alarm management 1n accordance with
a second embodiment. In the method 400 of FIG. 4, the
magnitude threshold only has an upper limit including but
not limited to 100 bpm which enables alarming for elevation
in vital sign/value above the upper limit, which 1s the most
likely scenario in clinical monitoring. However, there are
instances of unexpected decreases 1n vital sign values below
a lower limit including but not limited to 30 bpm, which also
needs to be alerted. Therefore, the method 600 addresses
such a need to consider upper and lower magmtude thresh-
old limits to trigger the alarms while monitoring with a
wearable sensor device.

The method 600 starts with a wearable sensor device
(such as the wearable sensor device 100) being attached to
a user/patient for measuring/detecting a plurality of vital
sign responses/signals, via step 602. The wearable sensor
device continuously generates a vital sign signal X and
consider a K” sample of X as X,, via step 604, is input to
a moving window of m samples, via step 406, that shifts/
slides forward by excluding the 1** sample of the window
and including the latest sample (e.g., K) 1n the window as
m™ sample. In one embodiment, the moving window of m
samples is a real positive array denoted V"={X, .
X s ..., X} where the number of samples m includes
but 1s not limited to 10, 20, and 30 samples and X 1s a vital
sign (e.g., HR). The moving window V™ of m samples
correspond to a desired time duration.

In one embodiment of the method 600 of FIG. 6, similar
to method 400 of FIG. 4, 11 the time duration includes but not
limited to 20, 40, 60 seconds and the sampling rate 1s 0.5 Hz,
then the samples of the moving window m can be 10, 20, 30,

respectively. In the method 600, T, is the lower bound

threshold of the vital sign signal/value and T, is the upper
bound threshold of the vital sign signal/value. Each thresh-
old (lower and upper) varies based upon the particular vital
sign signal/value being monitored (e.g., there are different
predetermined thresholds for HR wversus BR). In one

embodiment, the HR magnitude thresholds are 40 for T , and
100 for T, and the BR magnitude thresholds are 6 for T,

and 24 for T,. In the method 600, A is the alarm signal
(A={0,1}; 1 is ON and 0 is OFF) to be generated for a

corresponding sample number k of the vital sign signal/
value.

Referring back to FIG. 6, after providing the moving
window via step 606, the method 600 determines whether all
of the m samples of V™ are outside (either below or above)

the lower and upper bound thresholds T, and T, per the

following equation: (Z(V™<T)) OR Z(V">T ))==m, via
step 608. If yes and the condition 1s satisfied (all m samples

of V™ are either less than the lower threshold T, or greater
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than the upper threshold T,), then the alarm is set to on
(A;=1) and 1s sounded alerting the user/clinician/third party,
via step 610. In another embodiment, the condition to be

satisfied can be (Z(V"<T ) OR Z(V"zT ,))=m.
If no and the condition 1s not satisfied (not all m samples

of V™ are either less than the lower threshold T or greater

than the upper threshold T,), then the alarm is set to off
(A,=0) and 1s not sounded (1.e., the wearable sensor device
doesn’t sound an alarm so remains silent or sends an ‘OK’
alert), via step 612. After sounding the alarm via step 610 or
determining that no alarm should be sounded via step 612,
the sample number 1s increased (e.g., k=k+1) and the method
600 1s repeated by the wearable sensor device for the new
sample (X,), via step 614.

In addition to setting fixed predetermined thresholds for
the automated alarm management, the method and system in
accordance with the present invention also utilizes variable,
dynamic, and customized thresholds in another embodi-
ment. The customization of the thresholds can be utilized
when a user/patient has a higher basal heart rate level and so
predetermined thresholds might not be as accurate when
determining abnormal levels thereby sounding off the
alarms.

For example, individuals with high basal heart rate (HR)
values close to traditional thresholds like 100 bpm may tend
to generate many false positive alarms (1.e., an alarm 1s
generated indicating a potential 1ssue when there actually 1s
nothing wrong and an alarm should not have been triggered).
In addition, individuals with low basal HR values may not
surpass the traditional thresholds like 140 bpm despite
significant and drastic changes in the HR while 1n rest which
may tend to generate many false negative alarms (1.e., no
alarm 1s sounded when there 1s something potentially wrong
and an alarm should have been sounded).

Furthermore, the basal values 1n individuals can vary
drastically i 24 hour time periods (or other predetermined
time periods) and so traditional thresholds (whether lower or
upper bounds) are not as eflective in generating the neces-
sary alarms over the 24 hour time period associated with
continuous monitoring settings (in the hospital or at home)
using wearable sensor devices. Therefore, the method and
system 1n accordance with the present invention provides an
automated alarm management that adaptively varies the
alarm thresholds that are customized for the given individual
(1.e., the thresholds for one user will be different than the
thresholds for another user) to provide more accurate alerts
regarding unusual changes to critical vital sign signals.

In one embodiment, the adaptive/dynamic thresholds are
determined based upon the user’s detected vital signs over a
predetermined time period and are independent of traditional
predetermined/fixed thresholds. In another embodiment, the
thresholds are determined using a combination of predeter-
mined thresholds, the customized thresholds based on the
user’s historical data, and the thresholds of a plurality of
users that are stored and aggregated in a database and
analyzing to learn the most appropriate thresholds 1n varying
conditions that are based on metrics including but not
limited to the user’s demographics, current activities, and
medical history.

FIG. 7 illustrates a block diagram of a method 700 for
providing adaptive alarm management in accordance with
an embodiment. The method 700 1s similar to the method
200 of FIG. 2 and the method 600 of FIG. 6 with the
additional components of an adaptive threshold determina-
tion by the wearable sensor device. The adaptive alarm
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management provided by the method 700 1s also automated.
The method 700 starts with a wearable sensor device (such
as the wearable sensor device 100) being attached to a
user/patient for measuring/detecting a plurality of vital sign
responses/signals, via step 702. The wearable sensor device
continuously generates a a vital sign signal X and consid-
ering K” sample of X as X,, via step 704.

In FIG. 7, the K” sample of X is input to two simulta-
neous moving windows, via step 706a and 7065. The first
moving window U” provided by step 7064 and 1s a moving
window of p samples wherein the moving window 1s a real
positive array where UP={X,_ .., X, .5, . . ., X;}. The
second moving window V™ 1s provided by step 7065 and 1s
a sample moving window of m samples wherein the moving
window is a real positive array where V"={X, ..
X, e ...,X } Inone embodiment, step 7065 is carried
out simultancously with step 706a and 1n another embodi-
ment, step 7060 1s carried out after the trend boundary 1s
calculated.

The first moving window array U as in step 706a 1s
relatively larger to help track the trend changes 1n vital sign
signal/value and allows the generation of adaptive statistical
based thresholds for generating alarms. On the other hand,
the second moving window array V™ as 1n step 7065 enables
checking whether the m samples of vital sign signal satisty
the adaptive upper and lower magnitude thresholds and time
duration to trigger the alarms, via step 714.

In FIG. 7, using the p samples of the vital sign signal
stored 1n the first moving window via step 7064, the method
700 calculates a mean (u), via step 708a, and a standard
deviation (a), via step 708b. After calculating both the mean
and standard deviation via steps 708a-b, the method 700
calculates a lower boundary trend (b,) and an upper bound-
ary trend (b, ) which represent the lower and upper statistical
boundaries respectively (also referred to as a trend bound-
ary), via step 710 as adaptive magnitude thresholds for
generating alarms. The lower boundary trend of the trend
boundary 1s calculated as b,=u—ca*o (similar to the lower
limit calculated in the method 200 of FIG. 2) and the upper
boundary trend of the trend boundary is calculated as
b,=u+ca*o where alpha (o) 1s a factor or coetlicient includ-
ing but not limited 1, 1.1, 1.2 .. ., 2.0, efc.

Once the lower and upper boundary trend values b, and b, ,
respectively, are determined via step 710, the method 700
tracks the calculated b, and b, values separately 1in dual
moving window arrays B,” and B,”, respectively, via step
712, where B™ is a real positive array, B"={b,

412

b, .5 ..., b}, with m as number of samples as in step
7065. The dual moving window arrays B,” and B,™ are
calculated using a dual moving window and represent two
separate real positive arrays (dual real positive array). The
method 700 utilizes the dual real positive array that com-
prises the lower and upper boundary arrays (B,” and B,™)
from step 712 and the vital sign signal array V™ from step
7065 to check whether all of the m samples of V™ are outside
the lower and upper statistical boundary arrays (B,” and B,™
respectively, also referred to as an adaptive trend boundary)
that are outputted from step 712 per the following equation:
(2(V"<B,”) OR Z(V">B,™))==m, via step 714.

If yes (all m samples of V™ are either less than the lower
threshold B,” or greater than the upper threshold B,™ and are
therefore outside of the adaptive trend boundary), then the
alarm 1s set to on (A,=1) and 1s sounded alerting the
user/clinician/third party, via step 716. If no (not all m
samples of V™ are either less than the lower threshold B,” or
greater than the upper threshold B, ™), then the alarm 1s set
to off (A,=0) and 1s not sounded (1.e., the wearable sensor
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device doesn’t sound an alarm so remains silent or sends an
‘OK” alert), via step 718. After sounding the alarm via step
716 or determining that no alarm should be sounded via step
718, the sample number 1s increased (e.g., k=k+1) and the
method 700 1s repeated by the wearable sensor device for the
new sample (X,), via step 720. In addition, once the m
samples oI V™ are determined to be within the adaptive trend
boundary, the alarm that was previously sounded i1s then
turned ofl automatically.

In one embodiment, only when all of the m samples
satisty the condition of step 714, will the elevation 1n the
response fulfill the desired duration of elevation as m 1s
proportional to the duration. If not all of the m samples are
either lower or higher (and thus outside the boundaries), the

alarm will not be triggered. If the elevation 1s sustained and
true, the alarm will be delayed until all m samples satisty the
condition of step 714 (which thereby aflirms the true positive
occurrence of the alarm). If the elevation 1s not sustained (all
the m samples do not satisty the condition of step 714), then
the elevation can be a false positive due to artifacts/motion/
noise as alorementioned in the method 200 and thus an
alarm would not be sounded.

In the method 700, instead of fixed thresholds as T, and
T, 1n method 600, the lower and upper thresholds for
alarming 1n method 700 are adaptively determined as b, and
b,, respectively, and are tracked 1n arrays of B,” and B,™ for
sample-to-sample comparison with V™. In one embodiment
of the method 700 of FIG. 7, the parameters include but are
not limited to 50, 100, 150, etc. for p, 10, 20, 30, etc. for m,
and 1.0, 1.1, 1.2, etc. for alpha (a). In the method 700, A 1s
the alarm signal (A={0,1}; 0 is OFF and 1 is ON) to be
generated for a corresponding sample number k of the vital
sign signal/value.

FIG. 8 1llustrates a diagram 800 of adaptive alarm man-
agement for heart rate (HR) signals using a wearable sensor
device 1n accordance with an embodiment. The diagram 800
includes the HR 1n beats per minute (bpm) on the y-axis and
the sample number on the x-axis. The plot shows the HR
series (or signals) 802 (black line), an upper threshold
boundary B, 804, a lower threshold boundary B, 806, and a
plurality of alarms (rectangle blocks) that are generated and
scaled as (Ax100) in FIG. 8 for comparison with the HR
series 802. However, the generated alarm signal A 1s 1 when
the alarm 1s ON.

In FIG. 8, the upper and lower thresholds 804 and 806 are
dynamically and adaptively determined using the user’s vital
sign/signal values 1n accordance with the method 700 of
FIG. 7. In another embodiment, an aggregation of data from
a plurality of users i1s utilized to adaptively determine the
upper and lower thresholds. In FIG. 8, one alarm 808 of the
plurality of alarms 1s generated between sample number
49500 and 50000 since the vital sign/signal values 802 are
outside the threshold limits of 804 and 806. Thus, alarms are
automatically turned ON when the vital sign/signal values
are outside the upper and lower threshold boundaries. When
the vital sign/signal values become within the upper and
lower threshold boundaries, the alarms are automatically
turned OFF as in FIG. 8.

In one embodiment, 1n accordance with the present inven-
tion, the wearable sensor system with vital sign artifact/
outlier removal (of method 200 of FIG. 2), wearable sensor
system with automated alarm management using fixed
thresholds (of methods 400 and 600 of FIGS. 4 and 6) and
the adaptive and automated management system (of method
700) are used on their own to eflectively control health-
monitoring alarms. In another embodiment, the method and

10

15

20

25

30

35

40

45

50

55

60

65

12

system 1n accordance with the present invention combines
the artifact filtration system (of method 200 of FIG. 2) with
cither the automated management system (ol methods 400
and 600 of FIGS. 4 and 6) or the adaptive and automated
management system (of method 700 of FIG. 7) to effectively
control health-monitoring alarms based upon varying situ-
ation.

A method for providing health-monitoring alarm manage-
ment 1s provided. In one embodiment, the method comprises
detecting at least one vital sign signal using a wearable
sensor device and managing an alarm mechanism of the
wearable sensor device based on the at least one vital sign
signal. The method utilizes a plurality of moving windows
that provide a plurality of real positive arrays (arrays that
comprise positive numbers) thereby enabling the automation
and control of the alarms. In another embodiment, the
outputted arrays comprise either negative numbers or 1magi-
nary numbers.

In a first embodiment, the managing of the alarm mecha-
nism ol the wearable sensor device further comprises sta-
tistical based filtering of the at least one vital sign signal,
wherein a moving window of a predetermined number of
samples applied to a current sample provides a real positive
array. In the first embodiment, the managing further com-
prises determining a mean value and a standard deviation
value using the real positive array.

In the first embodiment, the method includes determining,
a statistical boundary comprising a lower threshold and an
upper threshold, wherein the lower threshold and the upper
threshold are calculated using the mean value, the standard
deviation value, and a coeflicient parameter. The method
includes determining whether the current sample 1s within
the statistical boundary and in response to the current sample
being outside the statistical boundary, labeling the current
sample as an artifact and replacing the current sample with
the mean value. This system reduces the false positive
alarms generated by artifact spikes 1n vital sign signals.

In a second embodiment, the managing of the alarm
mechanism of the wearable sensor device further comprises
applying a moving window of a predetermined number of
samples to a current sample of the at least one vital sign
signal to provide a real positive array, determining whether
the predetermined number of samples of the real positive
array are greater than or equal to a predetermined upper
threshold, and in response to the predetermined number of
samples being greater than or equal to the predetermined
upper threshold, sounding an alarm.

In a third embodiment, the managing of the alarm mecha-
nism of the wearable sensor device further comprises apply-
ing a moving window of a predetermined number of samples
to a current sample of the at least one vital sign signal to
provide a real positive array, determining whether the pre-
determined number of samples of the real positive array are
within a predetermined boundary comprising a lower thresh-
old and an upper threshold, and 1n response to the prede-
termined number of samples being outside the predeter-
mined boundary, sounding an alarm. In the third
embodiment, the lower threshold and the upper threshold of
the predetermined boundary are selected based upon a type
of the at least one vital sign signal.

In a fourth embodiment, the automated alarm manage-
ment system includes determining continuous adaptive sta-
tistical threshold trends (or an adaptive trend boundary)
comprising a lower threshold value trend and an upper
threshold value trend nstead of a preset single lower thresh-
old value and a preset upper threshold value as in the third
embodiment. The lower and upper adaptive statistical
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threshold trends are calculated using a coeflicient (prese-
lected) and mean and standard deviation values that are
calculated from a first moving window of a predetermined
number of samples applied to a current sample of the at least
one vital sign signal.

In the fourth embodiment, the samples of the vital sign
signal and the lower and upper adaptive statistical threshold
values are passed through moving windows of a different
predetermined number of samples. The method determines
if all the moving window samples of vital sign signal are
within the adaptive trend boundary, and 1n response to the
predetermined number of vital sign samples being outside
the adaptive trend boundary, sounding an alarm, wherein
once the predetermined number of samples are no longer
outside the adaptive trend boundary, turming ofl the alarm.

In the fourth embodiment, the managing of the alarm
mechanism of the wearable sensor device further comprises
applying a first moving window of a predetermined number
of samples to a current sample of the at least one vital sign
signal to provide a first real positive array and determining
a mean value and a standard deviation value using the {first
real positive array.

In the fourth embodiment, the method 1includes determin-
ing a trend boundary comprising a lower threshold and an
upper threshold, wherein the lower threshold and the upper
threshold are calculated using the mean value, the standard
deviation value, and a coeflicient parameter. The method
includes determining a dual moving window of a predeter-
mined number of samples based on the trend boundary to
provide a dual real positive array. The dual real positive
array 1s defined as a second real positive array correlative to
the lower boundary of the trend boundary and as a third real
positive array correlative to the upper boundary of the trend
boundary.

The method includes applying a fourth moving window of
a predetermined number of samples to the current sample of
the at least one vital sign signal to provide a fourth real
positive array, combining the dual real positive array and the
fourth real positive array to provide the adaptive trend
boundary, determining whether the predetermined number
of samples of the second real positive array are within the
adaptive trend boundary, and in response to the predeter-
mined number of samples being outside the adaptive trend
boundary, sounding an alarm, wherein once the predeter-
mined number of samples are no longer outside the adaptive
trend boundary, turming off the alarm.

A system for providing health-monitoring alarm manage-
ment 1s provided. In one embodiment, the system comprises
a sensor lor detecting at least one vital sign signal, a
processor coupled to the sensor, and a memory device
coupled to the processor, wherein the memory device stores
an application which, when executed by the processor,
causes the processor to manage an alarm mechanism of the
wearable sensor device based on the at least one vital sign
signal. The system carries out the steps of at least the first,
the second, the third, and the fourth embodiments of the
alorementioned method.

As above described, a method and system 1n accordance
with the present invention provides a wearable sensor device
that more eflectively manages monitoring alarms by filtering,
artifacts/noise/spikes from the detected vital signs and by
providing both an automated alarm management using pre-
set alarm thresholds and adaptive automated alarm manage-
ment using customized adaptively determined alarm thresh-
olds. The method and system enable adaptive and
continuous varying of the alarm thresholds that are custom-
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1zed to the individual user that allow automatic turning on
and ofl of the alarms during the clinical monitoring of the
user.

The artifacts/spikes of the vital sign signals (e.g., heart
rate HR) are filtered out using a statistical filtering method-
ology to reduce false positive alarms. The alarms and their
frequency are controlled and automatically generated using
features of the vital sign signals and predetermined thresh-
olds. In addition, the thresholds are adaptively varied and
adjusted to provide further precision of the management of
the alarms that are customized based upon the user/indi-
vidual being monitored.

Although the present imvention has been described in
accordance with the embodiments shown, one of ordinary
skill 1n the art will readily recognize that there could be
variations to the embodiments and those variations would be
within the spirit and scope of the present mnvention. Accord-
ingly, many modifications may be made by one of ordinary
skill in the art without departing from the spirit and scope of
the appended claims.

What 1s claimed 1s:

1. A method for providing health-monitoring alarm man-
agement, the method comprising:

detecting at least one vital sign signal of a patient using a
wearable sensor device, wherein the wearable sensor
device monitors a plurality of vital sign signals con-
tinuously; and

managing an alarm mechanism of the wearable sensor
device, wherein the managing the alarm mechanism
COMPrises:

removing artifacts using statistical filtering, wherein sta-
tistical filtering includes:

using a moving window ol a predetermined number of
samples of the at least one vital sign signal to determine
a statistical boundary comprising a lower limit (LL)
and an upper lmit (UL) and comparing a current
sample to the statistical boundary, wherein

if the current sample 1s determined to be within the
statistical boundary, the current sample value 1s not
modified and the sample number 1s incremented, and

if the current sample 1s not determined to be within the
statistical boundary, the current sample value 1s
determined to be an outhier and 1s replaced with the
previously determined mean value and the sample
number 1s incremented; and

adaptively varying vital sign alarm thresholds using mag-
nitude and duration of vital sign signals with respect to
pre-determined thresholds to provide dynamically cus-
tomized alarm thresholds for the patient.

2. The method of claim 1, wherein the managing further
COmMprises:

filtering the at least one vital sign signal using a statistical
filtration mechanism, wherein the statistical filtration
mechanism applies a moving window of a predeter-
mined number of samples to a current sample of the at
least one vital sign signal to provide a real positive

array; and

determining a mean value and a standard deviation value
using the real positive array.

3. The method of claim 2, wherein the lower threshold and
the upper threshold are calculated using the mean value, the
standard deviation value, and a coetlicient parameter.
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4. The method of claim 3, further comprising:

determining whether the current sample 1s within the

statistical boundary; and

in response to the current sample being outside the

statistical boundary, labeling the current sample as an
artifact and replacing the current sample with the mean
value.
5. The method of claim 1, wherein the managing further
COmMprises:
applying the moving window of the predetermined num-
ber of samples to the current sample of the at least one
vital sign signal to provide a real positive array;

determining whether the predetermined number of
samples of the real positive array are greater than or
equal to a predetermined upper threshold; and

in response to the predetermined number of samples being,

greater than or equal to the predetermined upper thresh-
old, sounding an alarm.

6. The method of claim 1, wherein the managing further
COmMprises:

applying a moving window of a predetermined number of

samples to a current sample of the at least one vital sign
signal to provide a real positive array;

determining whether the predetermined number of

samples of the real positive array are within a prede-
termined boundary comprising a lower threshold and
an upper threshold; and

in response to the predetermined number of samples being,

outside the predetermined boundary, sounding an
alarm.

7. The method of claim 6, wherein the lower threshold and
the upper threshold of the predetermined boundary are
selected based upon a type of the at least one vital sign
signal.

8. The method of claim 1, wherein the managing further
COmprises:

applying a first moving window of a predetermined

number of samples to a current sample of the at least
one vital sign signal to provide a first real positive
array;

determining a mean value and a standard deviation value

using the first real positive array.

9. The method of claim 8, further comprising:

determining a trend boundary comprising a lower thresh-

old and an upper threshold, wherein the lower threshold
and the upper threshold are calculated using the mean
value, the standard deviation value, and a coetlicient
parameter.

10. The method of claim 9, turther comprising;:

determining a dual moving window of a predetermined

number of samples based on the trend boundary to
provide a dual real positive array.

11. The method of claim 10, further comprising:

applying a fourth moving window of a predetermined

number of samples to the current sample of the at least
one vital sign signal to provide a fourth real positive
array; and
combining the dual real positive array and the fourth real
positive array to provide an adaptive trend boundary;

determining whether the predetermined number of
samples of the fourth real positive array are within the
adaptive trend boundary; and

in response to the predetermined number of samples being,

outside the adaptive trend boundary, sounding an
alarm, wherein once the the predetermined number of
samples are no longer outside the adaptive trend bound-
ary, turning off the alarm.

5

10

15

20

25

30

35

40

45

50

55

60

65

16

12. A system for providing health-monitoring alarm man-
agement, the system comprising a wearable sensor for
detecting at least one wvital sign signal of a patient, a
processor coupled to the sensor, and a memory device
coupled to the processor, wherein the memory device stores
an application which, when executed by the processor,
causes the processor to:

detect at least one vital sign signal of a patient using the

wearable sensor device, wherein the wearable sensor
device monitors a plurality of vital sign signals con-
tinuously; and

manage an alarm mechanism of the wearable sensor

device, wherein the management of the alarm mecha-
nism Comprises:

removing artifacts using statistical filtering, wherein sta-

tistical filtering includes:
using a moving window of a predetermined number of
samples of the at least one wvital sign signal to
determine a statistical boundary comprising a lower
limit (LL) and an upper limit (UL) and comparing a
current sample to the statistical boundary, wherein
11 the current sample 1s determined to be within the
statistical boundary, the current sample value 1s
not modified and the sample number i1s incre-
mented, and
11 the current sample 1s not determined to be within
the statistical boundary, the current sample value
1s determined to be an outlier and 1s replaced with
the previously determined mean value and the
sample number 1s incremented; and
adaptively varying vital sign alarm thresholds using mag-
nitude and duration of vital sign signals with respect to
pre-determined thresholds to provide dynamically cus-
tomized alarm thresholds for the patient.

13. The system of claim 12, wherein to manage further
comprises to:

filter the at least one vital sign signal using a statistical

filtration mechanism of the application, wherein the
statistical filtration mechanism applies a moving win-
dow of a predetermined number of samples to a current
sample of the at least one vital sign signal to provide a
real positive array; and

determine a mean value and a standard deviation value

using the real positive array.

14. The system of claim 13, wherein the lower threshold
and the upper threshold are calculated using the mean value,
the standard deviation value, and a coeflicient parameter.

15. The method of claim 14, wherein the application
turther causes the processor to:

determine whether the current sample 1s within the sta-

tistical boundary; and

in response to the current sample being outside the

statistical boundary, label the current sample as an
artifact and replace the current sample with the mean
value.

16. The system of claim 12, wherein to manage further
comprises to:

apply the moving window of the predetermined number

of samples to the current sample of the at least one vital
sign signal to provide a real positive array;

determine whether the predetermined number of samples

of the real positive array are greater than or equal to a
predetermined upper threshold; and

in response to the predetermined number of samples being,

greater than or equal to the predetermined upper thresh-
old, sound an alarm.
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17. The system of claam 12, wherein to manage further
comprises to:

apply a moving window of a predetermined number of

samples to a current sample of the at least one vital sign
signal to provide a real positive array;

determine whether the predetermined number of samples
of the real positive array are within a predetermined
boundary comprising a lower threshold and an upper
threshold; and

in response to the predetermined number of samples being
outside the predetermined boundary, sound an alarm.

18. The system of claam 12, wherein to manage further

comprises to:

apply a first moving window of a predetermined number
of samples to a current sample of the at least one vital
sign signal to provide a first real positive array;

determine a mean value and a standard deviation value
using the first real positive array.

19. The system of claim 18, wherein the application

turther causes the processor to:
determine a trend boundary comprising a lower threshold
and an upper threshold, wherein the lower threshold
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and the upper threshold are calculated using the mean
value, the standard deviation value, and a coeflicient
parameter; and

determine a dual moving window of a predetermined
number ol samples based on the trend boundary to
provide a dual real positive array.

20. The system of claim 19, wherein the application

further causes the processor to:

applying a fourth moving window of a predetermined
number of samples to the current sample of the at least
one vital sign signal to provide a fourth real positive
array; and

combine the dual real positive array and the fourth real
positive array to provide an adaptive trend boundary;

determine whether the predetermined number of samples
of the dual real positive array are within the adaptive
trend boundary; and

in response to the predetermined number of samples being
outside the adaptive trend boundary, sounding an
alarm, wherein once the the predetermined number of
samples are no longer outside the adaptive trend bound-
ary, turming oil the alarm.
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